Introduction
Nitriding and carburizing of metals are well known techniques to improve the tribological properties like hardness and wear resistance of technical surfaces [1] . As an example, plasma-and gas nitriding are established methods for surface treatment [2, 3] . Alternatively, it is possible to treat the surface with laser radiation and to directly synthesize hard coatings [4] [5] [6] [7] [8] . Previous works have shown the successful synthesis of titanium nitride with laser irradiation [9] [10] [11] . Here, a Q-switched Nd:YAG laser was used for the nitriding treatment. The main advantages of this method are a reduction of the processing time and the negligible heat load for the workpiece. Stress, microstrain and inhomogeneity remain the main problems. Also the texture of cubic titanium nitride is a decisive factor for the technical quality of the coatings, as the u Fax: +49-551-39-4493, E-mail: pschaaf@uni-goettingen.de texture influences strain development and finally crack formation and propagation. Some investigations on texture and strain development in relation to the process parameters have been reported in the literature [12] [13] [14] .
This work resolves the resulting grain size and strain development and relates them to laser treatment parameters like scan parameters. In this way, one can try to predict optimum treatment parameters for optimum coating properties, i.e. find parameters that minimize the lattice strain in order to reduce crack formation and propagation.
Experiments 2.1 Sample treatment
Conventional α-titanium (purity > 99.98%) was used for the treatments. Titanium sheets of 1 mm thickness were cut into pieces of 15 × 15 mm 2 and used in the asreceived state without any further treatment.
For laser nitriding, the samples were placed in a chamber which was first evacuated and then filled with nitrogen (purity 99.999%) to a pressure of 3 × 10 5 Pa. The Nd:YAG laser irradiations were performed at the University of Applied Sciences in Amberg-Weiden, employing a Q-switched Nd:YAG laser in the first harmonic, i.e. the radiation had a wavelength of 532 nm. At a repetition rate of 100 Hz, the 6 ns (FWHM) pulses had a mean pulse energy of 40 mJ. An optical scanner moved the laser beam across the whole sample surface in a meandering fashion over the samples, as shown in Fig. 1 .
The quantitative parameter Σ as defined in (1) is a dimensionless value for a parametric description of the process; it gives the total number of pulses hitting each surface area of the sample, and n is the number of (identical) surface treatments for a given sample. The velocity v of the lateral movement was varied between 10 and 50 mm/s. The energy density reaching the sample surface was changed by varying the spot size d b (0.70 to 1.15 mm). The lateral shift δ between subsequent laser scan lines was varied from 0.05 to 0.20 mm.
The intense laser irradiation heats and melts the titanium surface and a plasma forms on top of the surface, resulting in the dissociation of nitrogen and its in-diffusion into the melt. 1 The meandering of the titanium samples is described by the lateral shift δ, the scan velocity v and the spot diameter d b . Together with the pulse frequency f pulse and the geometric parameters, the irradiation of each surface element is described quantitatively FIGURE 2 Photographs of the laser nitrided titanium samples. The scan parameters are given in Table 1 No. Scan parameters of the laser nitrided samples. For all the samples f = 100 Hz and p = 3 bar. The number of repeated (identical) treatments (scans) n, the spot diameter d b , lateral shift δ and overlap parameter Σ are given After laser irradiation, solidification begins and different TiN coatings develop. Some examples for the produced coatings are shown in Fig. 2 ; the treatment parameters are summarized in Table 1 .
Sample analysis
The samples were analyzed by a range of methods [11] , while the focus here will be on the results from X-ray diffraction (XRD). XRD was performed on a Bruker AXS D8 Advance diffractometer equipped with a Cu K α long-finefocus tube. The beam is collimated and compressed by a Gö-bel mirror and a 0.6 mm slit to a collimated beam of low divergence with dimensions of about 0.6 mm by 11 mm. The sample is located at a distance of about 40 cm. The exit beam was conditioned with a Soller slit assembly and a monochromator with 0.1 mm detector silt. All XRD patterns shown here were scanned in Bragg-Brentano geometry with a 2Θ range from 30
• to 100
• and a step size of 0.025
• .
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T h e o r y
3.1
The Ti-N system
The equilibrium Ti-N phase diagram, the properties of titanium nitride and the solubility of nitrogen in titanium are well known [15] . The thermodynamic relationships and the effects on the melting behavior have also been described [16] . The composition dependent liquidus temperature, the solubility of 23 at. % nitrogen in titanium without any formation of a stable phase and the variation of the lattice parameter as a function of the nitrogen content in δ-TiN x are important factors for the present investigations. According to Vegard's law [17] , the latter relation is given by (2) , based on the experimental data [18] for cubic TiN.
XRD peak analysis
The measured XRD reflections f peak (x) are a sum of physical and instrumental influences, which can be treated as a convolution given in (3) . Line broadening in XRD arises mainly due to three factors: the machine influence, the strain broadening and the effects based on finite grains (size effect).
Instrumental effects g instr (x) include imperfect focusing, finite beam width and the K α 1 , K α 2 problem. These effects can be removed by the Stokes correction [19] , which is based on a Fourier analysis. In addition, a single MgO crystal was measured to resolve the instrument properties. For this purpose, the crystal was assumed to be perfect and the pure instrumental broadening was measured. The sample broadening arises due to lattice strain and finite grain size h phys (x) or it may result from variations in the lattice constant or grain boundary effects.
The diffraction spectra were evaluated using the program WinFit [20] . All the peaks were fitted by the split Pearson VII function as mentioned in [21] . This is a combination of Gaussian and Lorentzian (Cauchy) type peak profiles. For the peak width B peak of the peak broadening after instrumental correction, the following equation (4) is valid:
As a result of the peak fitting, the ratios of Gaussian and Lorentzian broadening can be determined and used for the calculation of strain and grain size. Two common methods of X-ray diffraction line broadening analysis are the Williamson-Hall plot (WHP), based on the work of Scherrer and Wilson and the Warren-Averbach analysis (WA). There are further methods such as single [22] or double Voigt [23] analysis, where the single line analysis is used to measure the strain in the lattice planes. Here, an asymmetric Voigt function was fitted to the diffraction reflexes by means of the program Fityk [24] . The resulting Gaussian ratio can be used for the strain investigations.
Williamson-Hall plot (WHP).
Scherrer [25] developed a first relation, as given in (5), to determine the grain size D B from X-ray diffraction peak profiles. This equation is still widely used as a first approximation for calculations.
K is the Scherrer factor (usually close to unity), λ is the wavelength of the radiation, B is the peak width (FWHM) and Θ is the Bragg angle of the reflection of the corresponding (hkl) plane. Later, Wilson [26] replaced B by β, a volume weighted quantity. The integral width β is defined as the ratio of the peak area A and the peak intensity I of the (hkl) reflection: β = A hkl /I hkl . β is only attributed to the finite grain size. For a broadening originating solely from strain effects, Wilson [27] gave a relationship between an apparent strain η and the integral width β.
where ε is the maximum strain in the lattice parallel to the reflection planes. Furthermore, the lattice constant a can be determined and the nitrogen content can be verified by means of Vegard's law. In order to separate the effects of strain and grain size, Williamson and Hall [28] developed a method known as the Williamson-Hall plot (WHP):
Plotting
λ results in a linear fit and the slope η and the intercept K/D(β) can be determined. Actually, this method is only valid for pure Cauchy peaks, but as a first approximation the accuracy can be assumed sufficient for our purpose. As a clear disadvantage, only the maximum strain can be resolved.
Warren and Averbach (WA).
A more accurate method was developed by Warren and Averbach [29] . They proposed that the peak broadening is a product of the Fourier coefficients of the size function A size (L, s) and the strain function
where s is the diffraction vector and A size is independent of the reflection order (i.e. independent of s). L as given by (9)), is a distance normal to the (hkl) reflection plane with the interplanar spacing d WA and n being an integer:
Θ 1,2 limits the range where every peak is measured. Further, it was shown in [30, 31] that the following equation (10) is valid:
This function is independent of the reflection order. The mean square strain ε 2 (L) will be determined in the s direction. Thus, information about the strain not parallel to the sample surface is resolvable. By means of the diffraction vector s, ln A(L, s) can be plotted against s 2 a 2 for several values of L. The intercept of this plot gives ln A size (L) (grain size influence) and the slope gives the mean square strain ε 2 (L) . Finally, Warren and Averbach [29] have shown that the intercept of the initial slope of the plot gives the average L range and with (11) the surface weighted grain size distribu-
In the work of Wagner et al. [31] [32] [33] , investigations of several materials like tungsten and aluminium are reported and the comparison of the different methods yielded similar results.
The method described here is implemented in the Winfit program [20] . An accurate description of this analysis is given in [29, 30, 34] .
Single line analysis and preferred orientation.
In order to determine the strain in the (hkl) planes, Langford [23] proposed to use the Voigt function for peak fitting. Based on this work, Keijser [22] supposed that the Gaussian component of the line broadening only arises from the strain and the Lorentzian part only from the grain size. By means of (13) and the measured Gaussian integral width β G , it is easy to obtain the lattice strain.
The actual orientation of the grains mainly depends on the Gibbs free energy of the phase planes. Theoretical studies by McKenzie et al. [35] showed that the preferred orientation depends on the minimum value of the overall energy in the planes. This energy is the sum of the surface energy S hkl and the energy in the stress field U hkl . S hkl depends on the sublimation energy and the number of broken atom bonds [13] . However, the stress energy becomes important if it becomes larger than the surface energy.
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R e s u l t s
4.1
Grain size and strain Figure 3 presents an example of a Θ-2Θ scan of laser nitrided titanium. TiN x is cubic (Fm3m, 225) and has a lattice constant of a = 4.24 Å [36] for x = 1. The virgin titanium is hexagonal (P63/mmc, 194) and has lattice constants of a = 2.950 Å and c = 4.682 Å [37] . α-Ti is still observed in the coatings. This is an indication that the coating is not homogeneous and that under-stoichiometric titanium nitride may be present. Due to diffusion and convection effects during the laser nitriding process, the nitrogen and phase distribution is not homogeneous throughout the coating.
Further, a texture parameter η t is defined as the ratio of the (111) gives a perfect (200) texture, whereas η t = 0.72 is obtained for a perfect polycrystal without any texture [9] .
The results of the multipeak fits of this spectrum are presented in Figs. 4 and 5, and the fit results are summarized in Table 2 for all observable (hkl) reflexions of TiN.
Based on the fit result given in Table 2 , the strain and grain size have been derived by the WHP and WA formalisms as described before. Due to the used step size of 0.025
• , the fitting error of B was up to 5% and by error propagation the following results are subject to error limits of about 20%. The step size limit of the machine is 0.001
• . As a result, the error could be reduced to approximately 5% for the grain size values, but with a drastic increase in measuring time. Table 3 .
It is observed that η t increases with the scan velocity which means that the texture changes from (200) to (111) preference. As expected, the coating thickness t -measured by cross section SEM [11] -decreases with increasing scan velocity.
The scan velocity is one of the most important parameters for the process. For high scan velocities, the strain increases and the grain size decreases. This is due to the shorter interaction time for higher velocities and also to the fact that the time and energy become too small for deep melting. In addition, less energy lowers the temperature so that no evaporation plasma occurs and, consequently, there is no plasma activation for an efficient nitrogen inward diffusion.
On the contrary, for low velocities other effects determine the coating properties. The high energy input leads to remelting effects and strong vaporization occurs. This causes more strain, lattice deformations and cracks. Results of the XRD analyses: texture parameter η t , overlap Σ, strain ε and grain size D as obtained by the WHP and WA formalisms, and film thickness t for different scan velocities v (d b = 1.00 mm, δ = 0.1 mm, f = 100 Hz)
There is an optimum scan velocity of 20 to 30 mm/s as seen in Fig. 7 . The local energy input is high enough for deep melting and nitrogen dissociation, but the convection and plasma effects do not create cracks. Furthermore, the average grain size (WA analysis) increases to a maximum of about 50 nm and the strain ε is reduced to a minimum of about 2 × 10 −3 . The nitrogen content x ranges between 0.72 and 0.88, calculated from the lattice constant and (2).
Influence of the spot diameter.
The next parameter that was varied is the spot diameter. By changing the spot size, the energy density was varied. Table 4 shows the coating properties for different spot diameters d b . Similar effects with similar origins for crack development, strain distribution, and coating thickness are observed as for the case of the velocity change.
Optimal coating properties were found for a spot diameter of 1 mm, where a nitrogen content of x = 0.84 was derived. The WHP plot given in Fig. 8 shows a strong dependence Results of the XRD analyses: texture parameter η t , overlap Σ, strain ε and grain size D as obtained by WHP and WA, and film thickness t for different spot sizes d b (v scan = 30 mm/s, δ = 0.1 mm, f = 100 Hz) Table 1 FIGURE 9 Microstrain and grain size as a function of the spot diameter of the strain and the grain size on the spot diameter. Drastic changes occur between a spot diameter of 0.85 and 1 mm as seen in Fig. 9 . This might be caused by a threshold in the laser intensity for evaporation and nitrogen activation and phase formation dynamics.
Furthermore, the spot size mainly influences the surface roughness. Due to the recoil pressure and the convection effects, the surface quality decreased and melting droplets and cracks resulted. For small spot diameters the evaporation time per pulse increased, so that a stock removal occurred. This should be avoided in order to obtain thick coatings.
Influence of the lateral shift and scan repetition.
During meandering of the samples, the lateral shift δ also influences the processing time and the coating properties. For small shifts, the surface quality decreases as a result of strong energy entry and the remelting effects. Because of convection, the layers become inhomogeneous. Table 5 shows that there is only one optimal value for successful processing. In this case this is 0.1 mm, which is 12% of the spot size.
The comparison of the results shows that at δ = 0.1 mm an optimal ratio between remelting and diffusion exists. It could be assumed that in this case every surface element reaches the Results of the XRD analyses: texture parameter η t , overlap Σ, strain ε and grain size D as obtained by WHP and WA, and film thickness t for different lateral shifts δ (v scan = 30 mm/s, d b = 1.00 mm, f = 100 Hz) FIGURE 10 WHP plot for different lateral shifts. The scan parameter are shown in Table 1 FIGURE 11 Derived microstrain and grain size as a function of the lateral shift evaporation point. Additionally, all melting droplets and melt remains will be destroyed.
For higher values of the lateral shift, the surface quality decreases rapidly. Due to the larger distance between the scan lines, no complete surface modification could be observed. The remelting effects amplify each other. As a result, the nitrogen distribution on the surface is not homogeneous and ripples develop. As shown in Figs. 10 and 11, this influence is quite strong.
With respect to the proceeding, it is very important to choose the right ratio between the spot size and the shift. To obtain more accurate information, it is necessary to vary the shift in smaller steps, which was not done. Lastly, the scans
[ Results of the XRD analyses: texture parameter η t , overlap Σ, strain ε and grain size D as obtained by WHP and WA, and film thickness t for different scan repetitions n (v scan = 30 mm/s, d b = 1.00 mm, δ = 0.1 mm, f = 100 Hz) FIGURE 12 WHP plot for one and two scans n. The scan parameters are given in Table 1 were repeated. In Table 6 the coating properties are shown for repeating the scan one time.
There are no significant changes in the coating quality when looking at Fig. 12 . Only the grain size increases slightly, because in the second scan, titanium nitride will be irradiated and not titanium as in the first one. A comparison of the physical properties like melting and evaporation point explain the weak variations. Additionally, the solubility of nitrogen in the phases is delimited. The melting and evaporation temperatures are much higher than that for pure titanium. In addition, the diffusion coefficient of nitrogen in titanium nitride is much lower than that of titanium.
Therefore, repeated scans do not improve the quality but only increase the processing time. Figures 13 and 14 show the correlation between the grain size and the microstrain. There seems to be a lower limit for the average lattice strain of nearly 1% and for the maximum lattice strain of about 5%.
Correlations.
Moreover, the grain size is limited to values below 250 nm (WHP) and 60 nm (WA).
The limiting physical factors are the inhomogeneous energy distribution during the melting and the different nitrogen content in the depth ranges. It could be assumed that only in regions of about 50 nm similar conditions exist. This seems to be a limit for such materials processing.
Because of the different procedures and assumptions, the results of the two analyses varied. The WHP analysis only gives the values for the maximum strain. Similar results were FIGURE 13 Relation between the grain size and the maximum lattice strain (WHP analysis) FIGURE 14 Relation between the grain size and the average lattice strain (WA analysis) observed in the work of Savaloni [34] , where the most accurate values were determined by the WA analysis.
A comparison of the XRD analysis results with those of the TEM micrograph in Fig. 15 shows that the results of the WHP plots, for the maximal grain size, are in the same order of magnitude. Also the development of a (200) fiber texture could be observed. The micrograph confirms the results of the XRD analysis.
4.2
The overlap parameter
The overlap parameter Σ was used to simplify the various parameters of the nitriding process. Figures 16 and 17 show that there is an optimal value at about Σ = 30 for the grain size. Large grains improve the macroscopic properties such as hardness.
Due to the short interaction time of the laser beam and the titanium at low overlap values, the crystal growth cannot be supported significantly. None of the important effects like plasma formation and deep melting could be observed. The quality of these coatings is rather poor. 16 Grain size distribution for all the samples and the dependence on the overlap parameter (WA analysis) However, for high energy input, i.e. high overlap values, the quality also decreases. This is attributed to remelting and convection effects. Figures 18 and 19 show a minimum of lattice strain in the same overlap range. For small overlap parameters up to a value of Σ = 30, the microstrain decreases rapidly to a value of nearly 10 −3 . In this range, the strain in the (100) direction is dominant.
After increasing the overlap value above Σ = 30, the strain grows again. There, the (111) strain energy becomes important. During the nitriding, the energy input is so high that the crack development is reduced.
In the case of nitriding with an Nd:YAG laser, an overlap parameter Σ between 30 and 35 seems optimal. In this range, the best possible coatings were synthesized. The strain becomes minimal as a result of the equilibrium of the strain energies of the (100) and (111) lattice planes. Under these conditions, the crystallite size increases, resulting in an acceptable quality of the titanium nitride coatings. Furthermore, the nitrogen content in the coatings increases as a result of optimal diffusion conditions. 17 Grain size distribution for all the samples and the dependence on the overlap parameter (WHP analysis) FIGURE 18 Maximal lattice strain for all the samples and the dependence on the overlap parameter (WHP analysis)
Preferred lattice orientation and texture development
The preferred crystallite orientation occurring in direct laser synthesis can be predicted by means of the overlap parameter, too. This also relies on the fact that the Gibbs free energy is minimized. For the theoretical description of the strain development, the model of Zhao [13] was used. The orientation is determined by the competition between the surface energy S hkl , the strain energy U surface(hkl) for every plane and the energy E hkl induced by external forces (negligible here). The sum of these three terms is called the overall energy W hkl . The orientation of a grain will develop in such a way that this overall energy is minimized.
In relation to the coatings presented here, the term E hkl can be neglected because the induced strain is dominant. The surface energy for every lattice plane was calculated in the work of Zhao [13] . In the case of cubic titanium nitride, the values are S 200 = 4.94 J/cm 2 , S 220 = 6.99 J/cm 2 and S 111 = 8.53 J/cm 2 . The ratio of the different lattice planes is 1 : 1.41 : 1.73 so that in the case of less strain, the (200) direction will be preferred.
The strain energy for every lattice plane is shown in Fig. 20 . U hkl was calculated by (14) ). For this, the lattice strain ε hkl was measured by the single line Voigt method. Young's moduli e hkl were taken from the work of Meng [38] , who proposed values for the (200) and the (111) lattice planes. They are identified as e 200 = 476.5 GPa and e 111 = 396.4 GPa. Further, the values of the Poisson ratio are given as ν 200 = 0.159 and ν 111 = 0.216. Because there are no data available for the (220) plane, they were calculated by the ratios of the Young's moduli shown in the work of Zhao [13] , i.e. a value of 438 GPa. The Poisson ratio ν 220 = 0.2 was taken as an average value. This value was used in the publications of Valvoda [39] and Pelleg [14] . Figure 20 shows that U 220 is much higher than the other one, thus only (111) and (200) orientations could be observed. Finally, the decisive factor for the orientation is the competition of the overall energy W hkl . Figure 21 represents the calculated values for the nitrided samples. The strain energy of every plane U surface(hkl) was calculated with (14) by means of the layer thicknesses shown in Tables 3-6 . Theoretically, the equilibrium of the lattice strain is at a texture parameter η t of 0.72. By relating to the experiments, similar results could be observed. The large fluctuations were determined by the statistical errors and the experimental and theoretical drawbacks (errors) of the Voigt analysis model.
The dependence of the orientation as a function of the overlap parameter is shown in Fig. 22 . For a value of Σ = 30-35 the orientation changes. The strain energy is the most important factor. For example, in the case of sample 1 the value of U surface(111) is about 40 J/cm 2 . This is five times higher than the surface energy. On the basis of the overlap concept, the orientation of the lattice during laser nitriding can be controlled. 
Conclusions
TiN x coatings with thicknesses in the micron range were synthesized by direct laser nitriding of titanium. A detailed analysis by X-ray diffraction could resolve strain, grain size, and texture in the resulting TiN coatings. The results can be correlated to the processing parameters and the coating properties. For optimal parameters, the strain could be reduced down to a value of 0.001 and the maximum achievable grain size is around 100 nm. The grain size is limited by convection, diffusion, and heat transfer. The optimal coating properties were achieved with an overlap parameter of Σ = 33.3.
The preferred orientation in the coatings could be related to the strain distribution and thus to the processing parameters. Finally, it seems possible to predict strain, grain size, and preferred orientation for Nd:YAG laser nitriding of titanium by means of the overlap parameter.
